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ABSTRACT

The degree to which the structural geometry of Pre-
cambrian crystalline basement rocks beneath the Colorado
Plateau influenced fracture development in overlying sedi-
mentary rocks was assessed for three areas: the Hualapai In-
dian Reservation (Hualapai and western Coconino Plateaus)
bordering the Grand Canyon in northwestern Arizona, the
southern Marble Plateau in north-central Arizona, and the
Piceance Basin along the northeastern edge of the Colorado
Plateau in western Colorado. Depthsto basement rock range
from 460 meters on parts of the Hualapai Plateau to at least
7,900 meters in the deepest portions of the Piceance Basin.
The fracture system in all three areasincludeslocal fracture
zones related to movement along basement structures as
well as regiona sets of extension joints that developed
independently of basement control.

Differential strain due to reactivation of basement fault
zones is expressed in overlying rocks in a variety of ways:
on the Hualapai Reservation, as zones of closely spaced
joints and well-developed karst features in Mississippian
limestones above high-angle fault zones in the basement
rocks; on the Marble Plateau, as 0.5-1.0 kilometer-wide
belts of minor faults in Permian limestones, again above
high-angle basement fault zones; and in the Piceance Basin,
as a 25-kilometer-wide, 135-kilometer-long zone of jointsin
Cretaceous and Pal eocene rocks above a basement-invol ved
thrust fault. Common to all these basement-related fracture
sets is their local rather than regional extent and their
position above a known or inferred basement fault zone in
deeper rocks.

In addition to fracture zones related to basement
structures, strata in al three areas contain multiple sets of
regionaly pervasive joints, which resulted from post-
Laramide tectonic extension and decreasing burial depths
due to regional uplift and erosion. These sets are present
over vast areas and in most places dominate the fracture
network of the sedimentary rocks. Though continuous
upward propagation of preexisting joint networks in the
basement rocks has been suggested for their development,
particularly for the Arizona examples, the regional joint sets
have many properties incompatible with any such mecha-
nism, including their orientations, stratigraphic distribution,
mineraization histories, and sequence of formation.
Orientations of these joints are unrelated to basement
structure and instead reflect regional stresstrajectoriesinthe
sedimentary cover during sequential episodes of failure,

Ipresent address; Earl R. Verbeek, Geologist, Bureau of Land
Management, Bldg. 102, Military Circle, P.O. Box 911, Tonopah, NV
89049-0911.

2Present address: Marilyn A. Grout, Consulting Geologist, 5407
S.W. Viewpoint Terrace, Portland, OR 97201.

each of which affected areas of thousands to tens of
thousands of square kilometers. Much of the fracture system
aswe see it today in exposed rocks of the Colorado Plateau
is a comparatively young element (commonly Miocene or
younger) of that region’s complex geologic history.

INTRODUCTION

We studied relations between basement structures in
Precambrian crystalline rocks and fracture systems in over-
lying sedimentary rocks in three parts of the Colorado Pla-
teau (fig. 1) and, subsequently, in the Paradox Basin (Grout
and Verbeek, this volume). Areas and stratigraphic units
discussed here include (1) the Hualapai Indian Reservation
(Hualapai and western Coconino Plateaus) in northwestern
Arizona, where Upper Mississippian strata of the Redwall
Limestone are exposed over a large area; (2) the southern
Marble Plateau of north-central Arizona, capped by Permian
strata of the Kaibab Limestone and locally by L ower to Mid-
dle Triassic rocks of the Moenkopi and Chinle Formations;
and (3) the Piceance Basin of northwestern Colorado, where
Tertiary strata of the Wasatch, Green River, and Uinta For-
mations overlie Upper Cretaceous strata of the Mesaverde
Group. Unitsexposed on the Marble Plateau are comparable
in age to those exposed in the Paradox Basin, but those on
the Hualapai Reservation and in the Piceance Basin are
mostly older and younger, respectively. Depths to crystal-
line basement in the three areas range from 460 m to at least
7,900 m, providing excellent opportunity to assess the influ-
ence of basement structure on surface fracture systems as a
function of depth to basement. Fracture systemsin al three
areas are complex and contain not only local fracture sets
possibly related to movements along basement structures but
also multiple regional sets demonstrably unrelated to them.
The results of these basin studies have helped guide our in-
terpretation of the relationship between basement structure
and fracture systems in the Paradox Basin (Grout and Ver-
beek, two reportsin this volume).

Our methods for investigating basement-cover fracture
relations inevitably differed from one region to another
depending on the relative availability of detailed geologic,
geophysical, and outcrop fracture data. The fragmentary
nature of structural knowledge in each region necessitated
more than the usual amount of caution in interpreting the
structural record, asillustrated by our first example.

HUALAPAI INDIAN RESERVATION,
NORTHWESTERN ARIZONA

The Hualapai Reservation in northwestern Arizona
(fig. 1) is capped by nearly flatlying sedimentary rocks of
Mississippian through Triassic age. The Mississippian
rocks are extensively exposed on the Hualapai Plateau in the
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Figure 1.

Location of the Colorado Plateau, selected Tertiary sedimentary basins, and three study areas discussed in this report.
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western half of the reservation; the adjacent Coconino
Plateau to the east is capped mostly by strata of Permian age.
Older rocks arewell exposed within the Grand Canyon to the
north, where the Colorado River has cut deeply into the
Paleozoic succession and locally into the crystalline Protero-
zoic basement rocks beneath. The region offers an idea
opportunity to trace the influence of basement structure on
the development of fracture networksin overlying strata.

New attention wasfocused on the Hualapai Reservation
in the 1980's during geologic studies of uranium-
mineralized breccia pipes of the Grand Canyon region. The
breccia pipes (fig. 2) are solution-collapse features that
originated from extensive cavern systemsin the Upper Mis-
sissippian Redwall Limestone (Wenrich, 1985) and that
stoped upward through overlying rocksfor vertical distances
of 200920 m. Today, more than 2,000 confirmed and
suspected pipes are known from the Grand Canyon region,
about 900 of them on the Hualapai Reservation alone (Bill-
ingsley and others, 1986, in press, Wenrich and others,
1995ab). The existence in parts of the region of
conspicuous linear belts of pipesled to repeated suggestions
that pipe positions were influenced by underlying structure,
possibly of basement origin (Sutphin and others, 1983;
Sutphin and Wenrich, 1983; Sutphin, 1986). The nature and
extent of that influence, however, remained conjectural.
Accordingly, we and our colleagues began reconnaissance
work in 1986 to document the fracture system in exposed
units on the Hualapai Reservation and to test the possible
relations between fracture-system evolution, cavern
development in the Redwall Limestone, and underlying
basement structures (Roller, 1987, 1989; Sutphin and
Wenrich, 1988; Verbeek and others, 1988; Wenrich and
others, 1989).

TECTONIC OVERVIEW

The earliest Paleozoic sediments of the Hualapai Reser-
vation were deposited upon a Proterozoic basement complex
that had already been highly metamorphosed, intruded,
extensively and recurrently faulted, and deeply eroded. Pro-
terozoic faults striking northwest through north to northeast
and dipping steeply westward are abundant in the basement
rocks (Billingsley and others, in press), whereas those
striking within 40° of east-west are decidedly less common.
Similar faults are known from throughout the Grand Canyon
region (Sears, 1973; Huntoon, 1974; Shoemaker and others,
1978). Offsets on the largest faults were several hundred
meters or more and were dominantly normal (Billingsley and
others, in press), although right-lateral and reverse move-
ments on some faults of north and northeast strike have also
been documented in areas nearby (Shoemaker and others,
1978).

The whole of the Paleozoic Era, and much of the
Cenozoic Eraaswell, was atime of net regional subsidence,
accumulation of 2,500-4,000 m of sedimentary strata, and

relative tectonic quiescence. The term relative, however, is
used advisedly, for at least some of the ancient Proterozoic
faults of the Grand Canyon region were mildly reactivated
during this period (Huntoon, 1974), and minor episodes of
uplift and emergence have been documented from the sedi-
mentary record. As discussed below, such movements,
though slight, neverthelessloom largein theinterpretation of
the region’s fracture history. Among the most important
eventsin the present context was a L ate Mississippian period
of regional uplift and erosion, which signaled amajor change
in the geologic development of the Grand Canyon region
(McKee, 1979).

The Laramide orogeny of Late Cretaceous through
Eocene time was the most important Phanerozoic tectonic
event to have affected the Grand Canyon region, though its
effects there were slight compared to most other areas of the
Laramide orogenic belt. Crustal shortening during Laramide
compression, with maximum horizontal compressive stress
directed approximately N. 70° E. (Reches, 1978), reactivated
many of the steeply west dipping basement faults as high-
anglereversefaults. Slipwasthusin the opposite sensefrom
that which had occurred in Proterozoic time, and amounts of
offset generally were smaller (Shoemaker and others, 1978).
The overlying Paleozoic strata failed along reverse faults
above the preexisting basement faults and, at higher levels,
were flexed to form a series of east-facing monoclines. The
structure of a typica Grand Canyon monocline, which
passes upward from a high-angle reverse fault to a tight,
steep monoclina flexure and thence into abroad, gentle fold
nearer the surface, was reviewed by Huntoon (1981, 1993)
and described in detail for one monocline by Reches (1978).
The numerous monoclines of the Grand Canyon region are
that region’s most prominent structural features and provide
one means by which the position of major reactivated base-
ment faults can be traced far beyond the area of exposed
Proterozoic rocks. Dating the monoclines more closely than
“Laramide” in the broadest sense of that term is made
difficult by the absence from most of the region of rocks
younger than Triassic but older than Miocene.

The late Tertiary Period in the Grand Canyon region
was atime of dominantly west directed crustal extension and
normal faulting, related by most authors to the inception of
the Basin and Range orogeny farther west. During thistime
many of the ancient basement faults were reactivated once
more, as were their upward extensions in Paleozoic rocks,
also many new faultswere created. Slip on preexisting faults
in the Paleozoic rocks was opposite in sense to that during
Laramide compression. A common result was faulted
monoclines, the monoclines facing generally east but the
faults in many places having the west side downthrown.
Some of the principal late Tertiary faults on the Hualapai
Reservation are coincident with early Tertiary monoclines
for many kilometers and extend beyond them for consider-
able distances, providing another means by which the
positions of the underlying basement faults can be traced.
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of the stratigraphic units shown are typical of those on and near the Hualapai and Marble Plateaus. Figure modified from Van Gosen and

Wenrich (1988); thickness data from Wenrich and others (1995a,b),
1994).

The Cenozoic Era in the Grand Canyon region,
commencing with the Laramide tectonic movements and
continuing into the period of late Tertiary normal faulting,
was atime of regional uplift and erosion on a grand scale.

Billingsley and others (1985), and G.H. Billingsley (oral commun.,

Vertical uplift ultimately totaled 3.2—4.8 km and resulted in
theremoval of at least 1.5 km of rock—nearly all of the post-
Paleozoic strata—from the Hualapa lands (Wenrich and
others, 1995b). More than any other event, rapid Cenozoic
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uplift and erosiona unloading had a pronounced effect on
the fracture history of exposed rocks in the Grand Canyon
region and beyond. That topic is discussed at some length
later. We first discuss, for the Hualapai Reservation, the
possiblerelation of selected elements of the fracture network
to basement structure.

BASEMENT STRUCTURE BENEATH
HUALAPAI RESERVATION

SOURCES OF EVIDENCE

Outlines of basement blocks and locations of major
fault zones beneath the Hualapai Reservation and adjacent
areas of the Grand Canyon region have been inferred from
severa lines of evidence, the first two already noted in the
preceding section.

1. Major exposed faults, many repeatedly active over
time. Some of the faults can be traced directly into exposed
basement rocks and shown to be of Precambrian ancestry
(Huntoon, 1974, 1993). Others of similar dimension and
orientation but exposed only in younger rocks are assumed
to have asimilar history.

2. Monaoclines, widely regarded as the surface expres-
sions of deep Precambrian fault zones that were reactivated
during the Laramide and that define boundaries between ma-
jor basement blocks (Davis, 1978). The structure of severa
monaclinestransected by the Grand Canyon can be followed
in continuous outcrop from a broad fold in Paleozoic sedi-
mentary rocks to a high-angle fault zone in the Precambrian
crystalline rocks, thus establishing the basement-cover rela-
tionship directly (Lucchitta, 1974; Huntoon, 1974, 1993;
Huntoon and Sears, 1975). A similar relationship is pre-
sumed for numerous other monoclines exposed on plateau
surfaces flanking the Grand Canyon (Davis, 1978).

3. Geophysical data, chiefly linear acromagnetic and
gravity anomalies, that presumably reflect either differentia
elevation of the basement blocks to either side (Shoemaker
and others, 1978) or different rock types juxtaposed along a
basement fault zone. The use of geophysical dataasaguide
to basement structure is especialy effective in the Grand
Canyon region because the sedimentary cover rocks arevery
weakly magnetic and in most places are less than 2 km thick
(Shoemaker and others, 1978).

4. Aligned volcanic features, including not only
individual vents (McLain, 1965) but also apparent align-
ments of major eruptive centers over distances of 65-175km
(Eastwood, 1974; Shoemaker and others, 1978).

Many individual basement fault zones are reflected
along different parts of their length by one or more of the
types of features listed, often in combination. The
coincidence of gravity and aeromagnetic anomalies with
each other and with exposed portions of major fault zones,

for example, led Shoemaker and others (1978) to conclude
that the geophysical anomalies are reliable indicators of un-
derlying basement structure. Similarly, volcanic vents
aligned with the on-strike extensions of known fault zones
provide good evidence that the fault zones persist beneath
the volcanic rocks. Thus, a combination of geologic and
geophysical data can be used to trace the buried extensions
of known fault zones far beyond their limits of exposure and
across plateau surfaces of only modest topographic relief.

INTERPRETED BASEMENT STRUCTURE

A generdlized, regional interpretation of the major
basement fault zones beneath much of northern Arizona, as
depicted by Shoemaker and others (1978), is shown in fig-
ure 3. Three mgjor trends are apparent, with approximate
average directions of N. 40° E. (Sinyala, Bright Angel, and
Mesa Butte systems), N. 40° W. (Chino Valley, Cataract
Creek, Kaibab, and Mormon Ridges systems), and N. 5° E.
(Toroweap and Oak Creek Canyon systems). The recent
1:48,000 geologic maps of Wenrich and others (1995a,b)
and Billingsley and others (1986, in press) show that all
three trends persist into the area of the Hualapai Reserva
tion (fig. 4), though gradations from one to another are ap-
parent as well. The northeast trend of the Sinyala system,
for example, is defined by the Meriwhitica and Peach
Springs monoclines; the Grand Wash, Separation, Lava,
and Sinyala faults;, and by parts of the sinuous Hurricane,
Toroweap, and Lone Mountain monoclines. The Aubrey
monacline, northern segment of the Hurricane monocline,
and Toroweap fault define the north trend of the Toroweap
system in the eastern part of the reservation. Farther west,
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Figure 3. Generalized basement fault systems of northwestern
and north-central Arizona, from Shoemaker and others (1978).
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the Horse Flat monocline, part of the Meriwhitica mono-
cline, and an unnamed monocline to the north are part of
the same trend. The northwest trend is reflected mostly in
smaller features such as the northern segment of the Lone
Mountain monocline, the Granite Park fault zone, and the
Nutter, Laguna, and Prospect Point grabens; all are part of
the Cataract Creek system. Of the three magjor trends, their
relative prominence as judged from surface structures on
the Hualapai Reservation is northeast (strongest), north
(intermediate), and northwest (weskest, but locally
conspicuous).

EARLY FRACTURE SETSIN THE REDWALL
LIMESTONE

The Redwall Limestone, well known to legions of
hikers and rafters of the Grand Canyon for its tendency to
form imposing cliffs, is a fine-grained, thickly bedded

limestone and dolomite unit commonly 135-180 m thick
(Billingsley and others, 1986, in press; Wenrich and others,
1995a). The importance of this unit in the present context
derives from the possibility that reactivation of basement
faults influenced the distribution of fractures in the brittle
carbonate rock and thus also influenced early cavern devel-
opment and the stoping of brecciapipes. The depth from the
base of the Redwall to the underlying Precambrian metamor-
phic basement rocks is 460-610 m on the Hualapai lands
(Billingsley and others, 1986, in press; Wenrich and others,
19953).

The Redwall Limestone, the upper part of which was
deposited in Late Mississippian time, was uplifted shortly
thereafter and exposed to subaerial weathering and erosion.
The effects of this event included the development of at
least two sets of joints, erosional incision of the exposed
limestone surface, extensive cave development, and minor
reactivation of basement faults. Late Mississippian clastic
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sediments (Surprise Canyon Formation, fig. 2), flushed into
and preserved within the cave system, show that uplift and
karst development began before the close of the Mississip-
pian Period (Billingsley and Beus, 1985). The erosion sur-
face subsequently was buried during deposition of the
Watahomigi Formation (Pennsylvanian) and overlying
units.

Joints of the two earliest sets within the Redwall
Limestone have median strikes of N. 50° E. and N. 51° W.
(figs. 5 and 6; Roller, 1987, 1989), similar to two of the
three regional trends of basement fault zones defined by
Shoemaker and others (1978) from geologic and geophysi-
cal data. Both joint sets are absent from the Watahomigi
Formation and younger units, suggesting that they formed
during the same period of Late Mississippian uplift that re-
sulted in kardtification. A possible scenario suggested by
Wenrich and others (1989, 1995b) is that (8) minor reacti-
vation of high-angle basement faults during uplift resulted
in low-amplitude flexing of the overlying strata and atten-
dant formation of joints along those flexures; (b) the joints
formed in greatest abundance within the flexed zones,
where extensional strains presumably were greatest, and in
lesser abundance within the interfault areas; and (c) caverns
in the Redwall Limestone developed preferentially within
the zones of most-fractured rock. If this scenario is correct,
the distribution of solution-collapse breccia pipes on the
Hualapai Reservation was controlled at least in part by
basement structure (Wenrich and others, 1995b; Billingsley
and others, in press). As supporting evidence we note the
following:

1. Field evidence for minor post-Redwall, pre-Supai
Group movement on several ancient faults of the Grand
Canyon region was noted by McKee and Gutschick (1969),
Huntoon (1970), and Huntoon and Sears (1975). Similar
movements may well have occurred on other basement
faults beneath the Hualapai Reservation.

2. Joints of the two earliest setsin the Redwall Lime-
stone tend to be unusually abundant near breccia pipes,
locally to such an extent that the limestone looks like rub-
ble (Roller, 1989). Roller (1989, p. 31) suggested as one
likely explanation that the closely spaced early fractures
“localized and concentrated fluid flow, which initiated cav-
ern formation***.”

3. Pipes that stoped through structuraly intact,
unjointed rock of the Supai Group above the Redwall
Limestone are bordered by a well-defined zone of “ring
fractures’ that dip outward from the pipe and that formed
during stoping (Verbeek and others, 1988). No such ring
fractures were found by Roller (1989) adjacent to pipes
within the Redwall, suggesting that the limestone was a-
ready well fractured when stoping of the pipes commenced.

4. Many breccia pipes mapped by Billingsley and
others (1986) in the Blue Mountain area of the southeastern
Hualapai Reservation are elongated in a N. 50°-60° E.
direction. The joint-set maps of Roller (1989, fig. 7) show

that her F, (oldest) set, with a median strike of N. 50° E., is
exceptionally prominent in this area.  The observed pipe
asymmetry was attributed by Verbeek and others (1988) to
stoping of the pipes through prejointed rock.

5. The distribution of pipes mapped by Billingsley
and others (1986, in press) and Wenrich and others
(1995a,b) on the Hualapai Reservation shows several prom-
inent northeast-trending alignments. In a recent, informal
test, all but one of seven geologists working independently
with maps showing pipe distribution but no other informa-
tion recognized the northeast trend (K.J. Wenrich, ord
commun., 1993). Fourteen alignments of varying promi-
nence, al trending N. 46°-48° E., have been mapped by
Wenrich and others (1995b).

6. Mapping by Wenrich and Sutphin (1989) of breccia
pipes within one large Redwall cave disclosed five pipes
within cave passages parallel to the two early joint sets.
Nearly rectilinear cave passages of different
directions—passages inferred by Wenrich and Sutphin to
reflect dissolution along younger joint sets—contain no
pipes.

The above relations seemingly imply a close link
between Late Mississippian regional uplift, the formation
of early joint sets in the Redwall Limestone, cavern devel-
opment, and the distribution of solution-collapse breccia
pipes. The link between all of these and basement struc-
ture, however, is less clear: the principal evidence for it is
the approximate paralelism between median strikes of
Roller's (1987, 1989) early joint sets and the generalized
basement fault trends defined earlier by Shoemaker and
others (1978) for the entire Grand Canyon region. A more
rigorous appraisal of the degree of parallelism is given in
figure 7, in which basement trends for the Huaapai lands
specifically (top, from fig. 4) are compared to strike-
frequency distributions of the F; and F joint sets (bottom,
from Roller’s data). Some obvious observations: (1) A
clear distinction between the north trend of the Toroweap
system (fig. 3) and northeast trend of the Sinyala system is
not evident at this scale; (2) the earliest (F4) joint set, with
common strikes of N. 35°-60° E., corresponds only to a
wesk maximum in the basement-trend data; (3) the F, joint
peak, with common strikes of N. 40°-60° W., is offset
nearly 20° from the N. 25°—40° W. peak in the basement-
trend data; and (4) neither joint set parallels the prominent,
broad basement trend between N. 10° W. and N. 40° E.
Viewed in this manner, the notion that basement structure
influenced early joint formation in the Redwall Limestone
seems considerably less appealing.

Assessing the degree of parallelism still more closely,
by comparing joint orientations in specific areas to the
trends of individual basement structures nearby, is limited
by the irregular distribution of data from the Haulapai Res-
ervation. The joint measurements of Roller (1987, 1989)
cluster into four areas; between them, no information is
available. The F; joints in two of those areas (fig. 5)
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Figure5. Averageorientationsof jointsof the F; regional set of Roller (1987, 1989) inthe Redwall Limestonein relation to interpreted
basement-related structures (from fig. 4) on the Hualapai Indian Reservation.

paralel nearby basement structures closely and in a third
show tolerably good agreement. The fourth area contains
no known northeast-trending basement structures for com-
parison. Similarly, joints of the F, set (fig. 6) strike subpar-
alel to a nearby basement structure of northwest trend in
one area near the Ridenour mine, but the other three areas
lack any basis for comparison. One might thus argue that
the imperfect correspondence shown in figure 7 between
joint strikes and basement structures reflects only the fact
that the two were measured in largely different places.
Nonetheless, other properties of the same joint sets are fully
consistent with an origin unrelated to basement structure:
the joints of both sets undeniably are widely distributed,
both near and far from known basement structures of like
trend (figs. 5 and 6), and neither set shows any tendency to
curve in response to the sinuosity of individual monoclines
or basement-related faults. Thus, though few would argue
the strong influence of basement structure on the Cenozoic
fault pattern of the Hualapai Reservation, firm evidence of

the possible influence of basement structure on joint
formation in the Redwall Limestone remains elusive.

We emphasize that much of the evidence (both pro
and con) discussed here is circumstantial and based on re-
connaissance data. No one has yet shown how the fracture
history of the Redwall Limestone compares with that of
any unit below: from the crystalline basement through the
entire lower Paleozoic succession, the nature of the fracture
network and of vertical variations within it remains largely
unknown. Specific mechanism(s) by which rejuvenated
basement faults in the Grand Canyon region could have in-
fluenced rock failure in the Redwall strata more than 460 m
above have been discussed only in broad, qualitative terms,
and much of the field evidence required to address the topic
is lacking. That the hypothesis of basement control can
seem aternately appealing or unconvincing, depending on
how one looks at the evidence, underscores the need for
care—and a generous measure of skepticism—in any study
of thistype.
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LATER FRACTURE SETS

At least six later sets of joints are present both in the
Redwall Limestone and in overlying strata, greatly adding to
the complexity of the regiona fracture network (Roller,
1987, 1989). Apparent counterparts to most of these sets
occur not only in the post-Redwall Paleozoic strata but also
in (1) Tertiary basalts capping erosional remnants of the
Supai Group, (2) Tertiary gravels filling ancient stream
valleys, and (3) the Miocene Peach Springs Tuff (18 Ma).
Roller's work thus suggests that much of the fracture
network is post-Laramide. The possible relation of any of
these young fracture sets to reactivated basement structures
has not yet been addressed; again, existing data are of are-
connai ssance nature, and much remains to be learned. The
suggestive evidence for a geologicaly young, post-
Laramide, rapidly evolving regional fracture system is
nonethel ess a recurring theme of Colorado Plateau geology,
as discussed later in this report.

SOUTHERN MARBLE PLATEAU,
NORTH-CENTRAL ARIZONA

The southern Marble Plateau northeast of Flagstaff,
Ariz. (fig. 1), isan elongate, northwest-trending crustal block
of Precambrian metamorphic rocks (unexposed) capped by
950-1,200 m of dominantly flat-lying Paleozoic and lower
Mesozoic sedimentary rocks. The study area as outlined in
figure 1 includes the southern half of this plateau and, along
itswestern margin, the easternmost parts of the adjacent (and
topographically higher) Coconino Plateau. Much of the
study area has been stripped by erosion to the top of the
Kaibab Limestone, aresistant unit of Permian age (fig. 2), al-
though sandstone of the Moenkopi Formation (Middle? and
Lower Triassic) and mudstone of the Chinle Formation (Up-
per Triassic) are preserved asisolated buttes and small mesas
insomeplaces. Local relief generally is 100 m or less except
near the Colorado and Little Colorado Rivers, where canyon
floorslie 370-460 m below the plateau surface.



122 LACCOLITH COMPLEXES OF SOUTHEASTERN UTAH

FREQUENCY (KM)

W 80 70 60 50 40 30 20 10 N 10
TREND OF BASEMENT STRUCTURES

\
20 30 40 50 60 70 80 E

Fo set Fq set

n=56 n=56

15
— 15—
@ 14
= 13 13
-
3 12
8

1
= 10— 0
o
o 8 8
w
o
3
z. Ntotal =112 5
> 4 4
z 3
w
=)
(@] 1 1 1
&
w 0 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ |
W 80 70 60 50 40 30 20 10 N 10 20 30 40 50 60 70 80 E

STRIKE OF JOINTS

Figure7.

Histograms comparing trends of major basement structures on the Hualapai Plateau (top, from map of fig. 4) to strikes of joints

of the Fy and F,, sets of Roller (1987, 1989) (bottom, from figs. 5 and 6). In order to show basement trends for the Hualapai lands specifi-
caly, we divided the 735 km of inferred basement structures shown in figure 4 into small (average 2.85 km) linear segments, measured the
length and orientation of each of the 258 segments so defined, and plotted the length-weighted frequency distribution of figure 7A. Below
this, in figure 7B, are shown strike frequency distributions of the F; and F joint sets derived from the data of Roller (1987, 1989).

The impetus for fracture studies on the Marble Plateau,
like that on the Hualapai Indian Reservation 170 km farther
west, stemmed from USGS work on uranium-mineralized
brecciapipesduring the 1980’s. Brecciapipesonthe Marble
Plateau are well exposed and werefirst described in detail by
Sutphin (1986). Recent fracture work includes afield study
of joint networks at 18 localities (Sutphin, 1986), detailed
photogeol ogic mapping of fracture traces across large tracts
of exposed bedrock (E.R. Verbeek, unpub. data,
1980-1987), and delineation of faults during geologic
quadrangle mapping (Billingsley and others, 1985).

TECTONIC OVERVIEW

Much of what is known of the geologic evolution of
the Hualapai lands of the western Grand Canyon region
applies as well to the Marble Plateau. The same formations

underlie both areas (fig. 2), abeit with some notable thick-
ness and facies changes, and the structural inventory is
virtually identical. Principal differences are that structures
on the Marble Plateau are exposed at a higher stratigraphic
level than those on the Hualapai lands, and the largest
Cenozoic faults on the Marble Plateau are of much lesser
displacement than their counterparts farther west.

The most prominent structures on and near the southern
Marble Plateau are breccia pipes, monoclines, and normal
faults. The breccia pipesof thisareawere extensively inves-
tigated by Sutphin (1986), who mapped 90 of them and in-
terpreted them as solution-collapse features related to
Mississippian-age caverns in the Redwall Limestone. The
common presence of pipes in Late Triassic strata of the
Chinle Formation, the youngest bedrock unit preserved in
the area, shows that the upper parts of some pipes formed
100 m.y. or more after cavern formation began. Some of the
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pipes show elevated gamma radiation counts (Sutphin, 1986;
Sutphin and Wenrich, 1988), and one of them, the Riverview
pipe south of the study area (fig. 8, lower right), was mined
for uranium (Chenoweth and Blakemore, 1961).

Lengthy, sinuous monoclines are the dominant struc-
tures on and near the Marble Plateau and are the main ex-
pression of Laramide crustal compression in the area
Several monoclines—notably the Grandview, East Kaibab,
Coconino Point, Black Point, and Echo Cliffs monoclines
(fig. 8)—exert aprofound influence on the topography of the
region. The 500-m elevation difference between the Marble
and Coconino Plateaus in the south-central part of the study
area, for example, is a direct reflection of structural relief
across the Coconino Point monocline.  The major,
northwest-trending monoclines of the region all face north-
east, afeature interpreted to reflect reverse movement on re-
activated Proterozoic basement faults of steep southwest dip
(Reches, 1978; Davis, 1978).

Minor normal faults are abundant on the Marble Plateau
and conspicuous on aerial photographs. Some of the faults
are coincident with monoclines or lie along their on-strike
projections and reflect post-Laramide normal movement on
the same basement faults that earlier had been reactivated in
areverse sense. Most of the other faults strike within 30° of
due north and probably are products of crustal extension
related to basin-range extensional tectonism farther west.
Dating the onset of normal faulting on the Marble Plateau is
difficult owing to insufficient stratigraphic control, but the
abundance of faultsin late Paleozoic and Triassic rocks, con-
trasted with their paucity in Pliocene to Pleistocene volcanic
rocksimmediately to the south, showsthat much of the fault-
ing occurred before 6 Ma (Babenroth and Strahler, 1945). In
a few places, however, faulted lava flows (Babenroth and
Strahler, 1945; Barnes, 1974), terrace gravels (Reiche,
1937), and debris fans (Holm, 1987) show that normal fault-
ing continued into the Quaternary Period, and contemporary
seismicity (Sturgul and Irwin, 1971; Wong and Humphrey,
1989) suggests that it continues still.

Late Cenozoic regional uplift resulted in erosion of
nearly all post-Paleozoic strata from much of the Marble
Plateau. The drainage net that developed on the exhumed
Kaibab surface is of probable Miocene age (G.H.
Billingsley, oral commun., 1989) and isincised in the areas
of maximum uplift (Barnes, 1987). Normal faults have
disrupted the original drainage in many places.

BASEMENT STRUCTURE BENEATH
SOUTHERN MARBLE PLATEAU

Interpretation of basement structure beneath the south-
ern Marble Plateau is drawn from some of the same sources
of evidence aready discussed for the Hualapai lands.
Laramide monoclines outlining the edges of crustal blocks
are particularly abundant on and near the Marble Plateau,

and parts of several fault zones have a strong geophysical
expression (Shoemaker and others, 1978). Only one mono-
cline, however, has been sufficiently dissected by erosion
that its deep structure and underlying fault zone, well
exposed within the gorge of the Colorado River and one of
its tributaries, have been studied in detail (Reches, 1978).
Moreover, mgjor fault zones similar to the ancient and
repeatedly active Hurricane and Toroweap faults farther
west (fig. 4) are missing from the Marble Plateau area; in
their place are faults of similar style but much lesser
displacement. Greater depth to basement (915-1,220 m),
shallower erosiona incision, and consequent lack of base-
ment exposure make interpretation of basement structure
more inferential on the Marble Plateau than for areas farther
west.

Parts of the Marble Plateau overlie the zone of intersec-
tion of three mgjor basement fault systems (fig. 3) with
trends similar to those across other parts of northern Arizona.
Individual surface structures that define these trends on and
near the southern Marble Plateau are showninfigure 8. The
prominent northwest trend of the Kaibab fault system is ex-
pressed at the surface principally by monoclines, notably the
East Kaibab and Blue Springs monaoclines within the study
area, and the Black Point monocline farther south. The
equally prominent northeast basement trend isdefined by the
southern segment of the Coconino Point monocline, the Ad-
ditional Hill monocline nearby, and by at least six belts of
minor faults, including topographically expressed grabens;
collectively these structures mark the northeasternmost
extent of the Mesa Butte fault system of Shoemaker and oth-
ers (1978). The north trend of the Oak Creek Canyon fault
system ismore weakly defined than the other two and within
the study area is expressed only by the easternmost portion
of the Coconino Point monocline and by several lengthy
segments of the Snake graben. Farther south, however, this
fault system gains in prominence and coincides with a
magnetic anomaly that marksits signature in basement rocks
(Shoemaker and others, 1978).

The interpretive map of figure 8 combines information
from existing geologic maps with results from more recent
structural work. Some of the features shown on that map,
particularly those of northeast trend as noted above, corre-
spond to belts of minor faults. Also present (fig. 9) are ap-
parent alignments of solution-collapse breccia pipes
analogous to the pipes aready discussed for the Hualapai
Indian Reservation. The possible relation of both kinds of
features to basement structure is discussed bel ow.

ALIGNMENTSOF BRECCIA PIPES ON
SOUTHERN MARBLE PLATEAU

Numerous breccia pipes on the Marble Plateau appear
to be aligned within northeast- and northwest-trending belts
interpreted by Sutphin and Wenrich (1983, 1988), Sutphin
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(1986), and Wenrich and others (1989) as evidence of base-
ment influence on pipe position. The map of figure 9, mod-
ified from that of Sutphin and Wenrich (1988), shows nine
such alignments, labeled A—l in approximate decreasing
order of believability. Seven of the aignments parallel
known structures of the Mesa Butte fault system; the other
two parallel monaoclines of the Kaibab system. One line of
19 pipes, labeled A on the map, extends N. 45° W. for 27 km
and coincides throughout its length with the Blue Springs
monocline. A second alignment (E) of similar trend, 18 km
long and including 15 pipes, lies between and parallel to two
monoclines and probably overlies a buried basement fault
zonethat has no other known expression in the surface rocks.
A third alignment (B, fig. 9) trends N. 40° E. and lieswholly
within one of the northeast-trending fracture zones shown in
figure 8. That breccia-pipe alignments, belts of minor faults,
and monoclines are mutually parallel, and in some places
spatialy coincident, reinforces the view that all are manifes-
tations of underlying basement structure.

SURFACE FRACTURE SYSTEM OF THE
SOUTHERN MARBLE PLATEAU

Photogeol ogic mapping of the surface fracture network
of the southern Marble Plateau (E.R. Verbeek, unpub. data,
1980-1987) was done at 10x magnification on 1:50,000
black-and-white vertical aerial photographs of good to ex-
cellent resolution. The visibility of many fracture traces
fromtheair isenhanced by the sparsity of soil and vegetation
cover and, in carbonate rocks and calcite-cemented sand-
stones, by solution-widening of fracture openings. A close
correspondence between fracture traces mapped from the
photographs and those measured at the outcrop was demon-
strated by the field work of Sutphin (1986). Fracture sets
visible on the aerial photographs are broadly divisible into
two classes: (1) fractures within rectilinear to gently curved
zones, between which fractures of the same orientation are
sparse or absent, and (2) areally pervasive sets present over
much of the plateau.

ZONED FRACTURE SETS

Straight to gently curved belts of fractures 0.5-1.0 km
wide and 5-25 km long are locally conspicuous elements of
the surface fracture network of the Marble Plateau. More
than adozen such belts have been identified. Theindividua
fractures (or narrow fracture zones) within the belts
generally have traces 0.3-1.5 km long, and many are small
faults with throws of only a few meters or less. Fractures
between the zones are generally shorter, more pervasively
distributed, and, with the exception of a few north-trending
zones, of different orientation. Few of the fracture belts are
portrayed as such on conventional geologic maps, and most

remained unrecognized until recent photogeologic mapping
of the plateau. Six of the fracture beltstrend N. 40°—60° E.,
four others N. 30°—45° W., and severa more nearly due
north. These are the same directions identified by
Shoemaker and others (1978) from independent data
(monoaclines, geophysical anomalies, exposed fault zones,
aligned vol canic features) asthe principal basement trendsin
this and adjacent areas (fig. 3). The coincidence in trend
suggests to us that these fracture belts, like the larger
Hurricane and Toroweap fault zones to the west, are the
surface expression of underlying high-angle basement fault
zones; hence they are included in figure 8. Along these
basement faults, however, movement since the end of the
Paleozoic resulted only in minor faulting of the overlying
strata and was of insufficient magnitude to produce either
monaclines or large offsets in the Permian and Triassic
surface rocks.

Some of the most interesting fracture zones on the
Marble Plateau are those that collectively define the Snake
graben, alengthy (>20 km), topographically expressed fault
trough that bisects the study area from north to south (fig.
8). The Snake graben, sinuous in plan view (fig. 10A), is
composed of several north-trending fracture zones offset
from one another in a dextral sense (fig. 10B), presumably
by dlip along some of the northeast-trending fault zones
mentioned above (fig. 10C). Inasmuch as no evidence ex-
ists of substantial strike-slip movement in the exposed Pale-
ozoic rocks, the apparent offsets of 1.5-5 km presumably
reflect displacement of basement fault blocks in Precam-
brian time. This interpretation agrees with the findings of
Sears (1973) and Shoemaker and others (1978), who dis-
cussed evidence of 1,300-1,600 Ma dextral offsets along
northeast-trending basement fault zones in the Grand Can-
yon region. Similar dextral offsets of 2-5 km occur where
the Phantom and Cremation faults are intersected by the
Bright Angel fault, west of the study area (fig. 8), and
where the Bitter Spring fault crosses the Echo Cliffs mono-
cline north of the study area.

AREALLY PERVASIVE FRACTURE SETS

Combined field and photogeologic work suggests that
at least five aredlly pervasive sets of joints are present in the
Permian and Triassic rocks capping the Marble Plateau. The
joints of all five sets are vertical, or nearly so, and have the
following general properties:

Average Strike  Photogeologic Expression

N. 10°-15° E. Strong to moderate
N. 00°-05° W. Strong to moderate
N. 15°-25° W. Strong to moderate
N. 60°-70° E. Weak
N. 70°-80° W. Weak
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Figure 9. Map showing interpreted alignments of solution-collapse breccia pipes on the southern Marble Plateau in relation to
basement-related monoclines and fault zones (from fig. 8). Modified from Sutphin and Wenrich (1988). A-l, explained in text.

Many joints of the first three sets, nearly all of which
strike within 30° of due north, were reactivated as small
norma faults during post-Laramide regional extension.
The Marble Plateau thus exhibits a pronounced northerly
structural “grain” of elongate fault blocks, with each fault
corresponding to a narrow zone of faulted joints (fig. 11).
Most such faults are highly visible on aerial photographs as
long, low scarps across the landscape and are readily
mapped; between them, the unfaulted joints of the same

sets exhibit much shorter traces. Evidence that the faulting
is of post-Laramide age, and that it is related to the onset of
basin-range tectonism farther west, is based partly on anal-
ogy to similar but larger faults of the Grand Canyon region
(Lucchitta, 1974; Huntoon, 1974) and partly on new infor-
mation presented in alater section of thisreport. The west-
northwest- and east-northeast-striking joints of the other
two sets, in contrast, are oriented at low angles to the
regional extension direction (approximately east-west) and
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thus generally were not reactivated. Their traces on aerial
photographs are invariably short and their photogeologic
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expression subdued.

No evidence exists at present that any of the five ar-
eally pervasive joint sets are genetically related to base-
Their distribution shows no obvious
relation to known or inferred basement fault zones, and the
two magor basement-fault trends (N. 40° W., N. 50°E.)
have no counterpart among common strike directions of the
joints. The parallelism between the third, subordinate
basement trend and the many north-striking fractures at the

ment structure.

surface probably is fortuitous; the broad, nonzoned distri-
bution of the joints again is inconsistent with basement-

fault reactivation and instead is a product of regional crust-

al extension. At present, the only north-trending element
of the fracture network that we can confidently relate to
basement structure is the Snake graben (fig. 10), by far the
longest north-trending graben on the Marble Plateau. The
position of this graben, in line with the north-trending
portion of the Coconino Point monocline (fig. 8), suggests
that both features are surface expressions of the same
underlying fault zone.
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Figure10. Three portrayals of the structure of the Snake graben. Seefigure 8 for location. A, Continuously curved walls as portrayed on pub-
lished geologic map (Billingsley and others, 1985). B, Actual fracture structure as mapped from aerial photographs (E.R. Verbeek, unpub. data,
1981-1987). C, Interpretation of underlying basement structure. Bar and ball, downthrown sides of nhormal faults bounding graben.
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The sequence of formation and absolute ages of the
regional joint sets of the Marble Plateau have not yet been
established with certainty, but available evidence suggests
that most or all of the sets are post-Laramide. Along the
northwest-trending Black Point monocline south of
Cameron, for example, joints of the N. 15°-25° W. set dip
within 5° of vertical on both the horizontal and tilted limbs
of the fold (fig. 12), showing that this joint set—the oldest
set present in these particular rocks—was superimposed on
a preexisting Laramide structure. Two additional sets of
joints in weakly cemented volcaniclastic sandstones, dated
by Damon and others (1974) at less than 700,000 years
B.P., provide additional evidence of geologically young
jointing in this part of Arizona (fig. 13). Though much re-
mains to be done in studying fracture evolution in this re-
gion, one plausible interpretation consistent with known
factsisthat (1) the three major sets that strike within 30° of
due north are products of regiona basin-range extension,
the differing orientations of the joints reflecting noncoaxial
extension over time, and (2) continuing crustal extension
resulted in minor faulting by dominantly dip-slip movement
along preexisting joints. The dogleg bends and discontinu-
ous nature of many of the minor grabens that offset the
Kaibab surface (fig. 11) are a natural consequence of fault-
ing by reactivation of multiple, preexisting fracture sets.
The other two sets, whose short joints strike at high angles
to the northerly structural grain of the surface rocks, proba-
bly reflect near-surface stress-relief jointing upon progres-
sive reduction of confining pressure by erosion. Similar
small joints are common to many aress of uplifted, flat-ly-
ing sedimentary rocks; the mechanism of their formation
was discussed recently by Gross (1993).

SUMMARY OF SURFACE FRACTURE NETWORK

The fracture network in exposed rocks of the Marble
Plateau has two major components. (1) basement-related
fractures that owe their origin to episodic reactivation of
Precambrian fault zones, and (2) shallow, dominantly post-
Laramide, high-angle normal faults and joints resulting from
regional extension related to basin-range extensional
tectonism in areas to the west. The major basement-
controlled fracture zones trend, on average, about N. 40° W.
and N. 50° E., directions that fortuitously are poorly repre-
sented among the post-Laramide fractures. The basement-
related structures generally fall within gently sinuous zones
that are expressed at the surface as prominent monoclines,
belts of minor faults, and chains of volcanoes. The post-
Laramide joints and normal faults, in contrast, are more
widespread and dominate the fracture network at the surface.
The different styles of expression and different trends be-
tween these two major groups of fractures are the principal
means, exclusive of geophysical methods, by which buried
basement fault zones can be recognized in the region.

Figure 11. Vertical aerial photograph showing discontinuous
graben typical of those found on and near the Marble Plateau. The
serrated walls and discontinuous fault trough are the result of
reactivation of preexisting vertical joints. Width of horizontal field
of view approximately 4 km.

PICEANCE BASIN, NORTHWESTERN
COLORADO

The Piceance Basin of northwestern Colorado lies
along the northeastern edge of the Colorado Plateau (figs. 1
and 14) and is one of a series of intermontane basins that
developed during Laramide orogenesis by segmentation of
the Late Cretaceous seaway that once stretched north-to-
south across North America. Thebasin is separated from the
adjacent Rocky Mountainsto the east by the Grand Hogback
monocline, from the Uinta Basin on the west by the Douglas
Creek arch, and from the Paradox Basin on the south by the
Uncompahgre uplift. Nearly flat-lying upper Paleocene and
Eocene sedimentary rocks of the Wasatch, Green River, and
Uinta Formations (fig. 15) are exposed within the Piceance
Basin, and Upper Cretaceous (prebasin) rocks of the
Mesaverde Group crop out over large areas aong the basin
margins. The nearest exposures of Precambrian basement
rockslie east of the basin (principally in Glenwood Canyon,
where the Colorado River has cut deeply into the uplifted
White River block) and in small areas of the Uncompahgre
uplift bordering the basin on the southwest. Depths to
crystalline basement within the basin interior range from
about 5,000 m to more than 7,900 m.
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Figure12. Vertica joints (N. 15°-25° W.) in tilted beds of the Moenkopi Formation along the Black Point
monocline at the Riverview mine. Approximate height of outcrop is 5 m. See figure 8 (lower right) for
location.

Figure 13. Members of two well-developed sets of vertical joints in weakly cemented volcaniclastic sand-
stones near the Riverview mine; see figure 8 (lower right) for location. Large fracture in foreground strikes
about N. 20° W.; sunlit fracture above canteen is member of second set striking about N. 70° E.
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TECTONIC OVERVIEW

Seismic reflection lines across the east-central part of
the Piceance Basin and basin margin (Waechter and
Johnson, 1986; Grout and others, 1991) reveal evidence of
two episodes of basement-involved deformation. The
earliest is recorded by northwest-trending high-angle faults
that penetrate crystalline basement and persist upward into
Pennsylvanian rocks (fig. 16). These faults were active
during Middle Pennsylvanian time and controlled facies
patterns within the evaporitic rocks that formed during that
period (Dodge and Bartleson, 1986; Johnson and others,
1988), when hypersaline deposits (halite and gypsum)
accumulated within subsiding grabens, and penesaline and
clastic sediments were deposited in adjacent areas. The
faults subsequently were buried beneath 5.5-6.1 km of
overlying sediment and have no expression in Tertiary rocks
at the surface, either directly or through components of the
fracture network.

The second episode of basement-involved deformation
took place during the Laramide Orogeny when alarge, base-
ment-cored block (Perry and others, 1988) advanced south-
westward beneath the eastern part of the basin along a 135-
km-long front. As thrusting proceeded, strata above the
thrust block were uplifted and tilted basinward to form the
Grand Hogback monocline, which now marks the boundary
between the Piceance Basin on the Colorado Plateau to the
west and the structurally higher White River uplift of the
Rocky Mountains province to the east. The dogleg trace of
the monocline in map view (fig. 14) suggests that this great
fold devel oped through reactivation of one or more preexist-
ing basement fault zones. From its northern end, the mono-
clinetrends approximately S. 5° E. for 45 km, bends abruptly
toas$. 70° E. trend for 50 km, and then bends abruptly once
moretoasS. 10° E. trend for an additional 40 km before dying
out. MacQuown (1945) and Stone (1969) speculated that the
northern and southern legs were once continuous and that
their current positions reflect ancient sinistral dlip along the
middle segment, whose trend parallelsthe regional schistosi-
ty of the basement rocks. Strata along the steep limb dip
from 30° to dlightly overturned. Involvement of the middle
Eocene Green River Formation in this tilting suggests that
much of the fold development is late Eocene or younger.
Much of the thrust-induced strain was accommodated in this
large fold, but strata basinward of the thrust block were
shortened slightly along a series of imbricate splay faultsthat
mark the leading edge of a décollement within the mechani-
cally weak Pennsylvanian evaporitic rocks (Grout and oth-
ers, 1991; fig. 16). At and near the thrust front, gas-
producing intrabasin folds formed by tectonic repetition of
Middle Pennsylvanian through Upper Cretaceous strata (for
example, the Divide Creek anticline) and flowage of Middle
Pennsylvanian salt (the Wolf Creek anticline); details of their
geologic evolution are given in Grout and others (1991),
Gunneson and others (1995), and Hoak and Klawitter

(1996). Additional consequences of the same general defor-
mation include the local development of several basement-
related fracture sets, as described in afollowing section.

BASEMENT STRUCTURE BENEATH THE
PICEANCE BASIN

Several factorsinhibit confident interpretation of base-
ment structure beneath the Piceance Basin. First is the
large depth to basement, more than 5,000 m for much of
the basin interior. Second, most of the natural resources for
which the region has been explored (chiefly oil shale,
petroleum, and natural gas) are located within the upper
2,500 m of the sedimentary section—thus, with few excep-
tions, the deepest boreholes penetrate only into Permian
and Pennsylvanian sedimentary rocks. Seismic lines de-
picting deep structure are likewise few in the public do-
main. Interpretation of basement structure beneath this part
of northwestern Colorado, then, rests chiefly on aeromag-
netic and gravity data and on extrapolation from more
deeply exposed areas farther southwest (Uncompahgre up-
lift, Paradox Basin) and east (Rocky Mountains).

In a general way the pattern of northwest- and north-
east-trending basement fault zones discussed earlier for the
Grand Canyon region is considered by many geologists to
be characteristic also of areas farther northeast, including
the Paradox Basin, the Uncompahgre uplift, and at least
part of the Piceance Basin. The existence of most of these
features has been inferred from geophysical data rather than
surface evidence, and their character and geologic history
remain topics of lively debate. Discussion is well beyond
the scope of this paper, but see, for example, Case (1966),
Case and Joesting (1972), Hite (1975), Friedman and Simp-
son (1980), Friedman and others (1994), and Johnson
(1983). The interpretive map of basement faultsin this last
report includes the southwestern part of the area shown in
figure 14, aong the border between the Uncompahgre up-
lift and the Piceance Basin. Dominant basement trends in
this area, as in the Paradox Basin to the south, are approxi-
mately N. 50° W. and N. 45° E.

Surface structural evidence for the northeast trend
within the Paradox and Piceance Basins is sparse, but the
northwest trend is reflected in monoclines and faults similar
to those along the same trend (Shoemaker and others, 1978)
inthe Grand Canyon region. Along the southwestern margin
of the Piceance Basin, west of Grand Junction (fig. 14),
principal components of this trend include the Devils
Canyons, Lizard Canyon, Fruita Canyon, and Ladder Creek
monoclines and associated Redlands and Kodels Canyon
faults (Williams, 1964; Cashion, 1973; Lohman, 1981).
Collectively these features separate Jurassic and younger
rocksof the Piceance Basin on the northeast from older rocks,
including Proterozoic schists and gneisses, of the
Uncompahgre uplift on the southwest. On the opposite side
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(shaded) along the basin margins. Profile line of cross section shown in figure 16 also shown. Arrows indicate facing direction of
monoclines. Grand Hogback monocline marks the boundary between the Colorado Plateaus province on the west and the Rocky
Mountain province on the east. Trace of monocline southwest of Grand Junction (from Williams, 1964; Cashion, 1973; and Lohman,

1981) represents zone of contiguous basement-related features along

northern edge of Uncompahgre uplift, including Devils Canyon,

Lizard Canyon, Fruita Canyon, and Ladder Creek monoclines and associated Redlands and Kodels Canyon faults.

of the basin, the aforementioned Grand Hogback monaocline
separates the Cenozoic basin rocks from older rocks,
including Proterozoic crystalline rocks, of the White River
uplift to the northeast. Asinterpreted by Davis (1978, hisfig.
7), the Grand Hogback represents the middle section of a
lengthy (220 km) basement fault zone of overall N. 35° W.

trend. Between these basin-margin structures, the basement-
penetrating faults beneath the Piceance Basin, shown on deep
seismic lines by Waechter and Johnson (1986) and Grout and
others (1991), are additional elements of the regional north-
west trend. Asnoted above, during Pennsylvaniantimethese
faults controlled the subsidence of elongate troughs within
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GENERAL LITHOLOGY
ERATHEM | SYSTEM | SERIES UNIT (THICKNESS IN METERS)
Pliocene
Basalt on Grand Mesa, 9.7 * 0.5 million years old (60-150)
Miocene IBREREREERRERREERERRRRERRRERRRER RN R R RRRRRRRRRRREEEEE
. Granodiorite and related rocks of West Elk Mountains, 29 to 34 million years old
Ollgocenei - e T
) . Gray and yellow-brown marlstone, siltstone,
Uinta Formation sandstone, and tuff. Intertongues with
- Green River Formation
[ (300+)
<
) e c Parachute Creek
8) < 0 Member .
o —= s Only four major members shown. Gray
N E S sandstone, green to gray siltstone,
% — L claystone, mudstone, shale, marlstone,
L Eocene 5 oolitic algal limestone, and dark-
© 2 o brown oil shale. Complexly
DC: g - » intertongued sequence of stream,
8 o2 j= 5 swamp, nearshore, lake, mudflat,
1G] ®E L g and evaporite origin
X =5
=] é §
a < (1,060)
Wasatch: Varicolored claystone and clay shale,
Wasatch Formation lenticular sand§tone, and c_onglomerat_e.
Intertongues with Green River Formation
(1,500+)
(north and Fort Union: Gray, brown sandstone, lenticular
northeast) to crossbedded, massive; brown, gray shale,
Paleocene . claystone, siltstone, mudstone, carbonaceous
Fort Union shale, coaly shale, and coal
Formation (425+)
I
n - .
% - Williams Fork Brown/white sandstone,
o Mesaverde Formation ray/black shale; coal
N e Grou grav (1,370)
O S Upper p
é E lles Formation Brown/white sandstone; gray shale, coal (300-450)
6 Mancos Shale Gray shale, gray sandstone (1,500-1,800)

Figure 15.  Stratigraphic column of Upper Cretaceous and Tertiary rocks in and bordering the Piceance Basin north of the
Colorado River, from MacL achlan (1987) and MacL achlan and Welder (1987).

which evaporite sediments accumulated. Similar fault- previously, are reactivated elements of an older, probably
bounded troughsfarther east wereinferred from stratigraphic Precambrian, fault pattern. The discussion below centerson
relations by Dodge and Bartleson (1986). the Grand Hogback monocline and associated structures

For many of these structurestheir early history ispoorly ~ because the record of late basement-related fracturing is
known, but some, like the basin-margin fault zones discussed clearest in this area.
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Figure 16.  Structure beneath Divide Creek and Wolf Creek anticlines near the eastern margin of the Piceance Basin, from
Grout and others (1991). Location of section shown in figure 14. Geology shown is combined interpretation from seismic,
gravity, and drill-hole data. Geologic units: Tw, Tertiary Wasatch Formation; Kmv, Upper Cretaceous Mesaverde Group;
Km, Upper Cretaceous Mancos Shale; k-Kd, Triassic strata through Upper Cretaceous Dakota Sandstone, undivided; PPwm,
Lower Permian to Middle Pennsylvanian Weber Sandstone and Maroon Formation; Pmbe, Middle Pennsylvanian Minturn
and Belden Formations, including Eagle Valley evaporite sequence; M€r, Mississippian through Cambrian rocks, undivided;
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p<€, Precambrian metamorphic basement rocks.

BASEMENT-RELATED FRACTURE SETS
ALONG THE GRAND HOGBACK
MONOCLINE

The oldest fracture sets known within the Upper
Cretaceous rocks bordering the Piceance Basin are those
along the Grand Hogback monaocline. Two joint sets, both
possibly related to basement tectonism, dominate this early
fracture system; athird set, weakly developed and little stud-
ied, will be considered no further here. Collectively these
joint sets congtitute the Hogback system as described in Ver-
beek and Grout (19844, 1984b). Surface structures on joints
of all three sets show that they are extension fractures.

Joints of the two dominant sets form a rectangular net-
work of fractures everywhere perpendicular to bedding
regardless of present bed orientation, which ranges widely
both in strike (from northeast through north to west-north-
west) and dip (from 30° through vertical to dlightly over-
turned). The joints thus formed when the beds were nearly
horizontal and weretilted with those bedsto new attitudes as
the Grand Hogback developed. Bed-parallel dlickenside
gtriations, common on the joints of both sets, record minor
shear adjustments during tilting. Restored, pretilt strikes for
the older set (fig. 17) range from west-northwest through
west along the entire length of the monocline; those for the
younger set (fig. 18) range from northeast through north.
Average strikes are about N. 80° W. and N. 10° E., respec-
tively. Joints of the older set are abundant within sandstones
of the Late Cretaceous Mesaverde Group but penetrate no
higher stratigraphically than the lower part of the Paleocene
to early Eocene Wasatch Formation. Joints of the younger

set, in contrast, are present higher in the Wasatch Formation,
but they too are missing from the uppermost Wasatch beds
and from the overlying middle to late Eocene beds of the
Green River and Uinta Formations. The stratigraphic
evidence thus suggests an age of late Paleocene for the older
set and latest Paleocene to early Eocene for the younger set.

Interpretation of both sets as basement-related rests on
two principal lines of evidence: (1) their restricted areal
distribution, as documented both in outcrop and in oriented
core from two well sites in the basin (Multiwell Experi-
ment site and Red Mountain site in fig. 14), and (2) the
stratigraphic record of early movements in the area of the
future Grand Hogback monocline. Joints of the older set
are abundant along the entire 135-km-long outcrop belt of
the Mesaverde Group along the Grand Hogback (Verbeek
and Grout, 1984a) and are present also in Mesaverde strata
beneath the Multiwell Experiment (MWX) site 16 km into
the basin (Lorenz and Finley, 1987; Finley and Lorenz,
1989; Lorenz and others, 1989), but they are absent from
the Divide Creek anticline (Grout and Verbeek, 1992),
whose crest lies 15-19 km from the monocline. They are
similarly absent from the Red Mountain (RM) well site, 43
km into the basin (Seccombe and Decker, 1986), and from
the extensive outcrop belt of the Mesaverde Group (fig. 14)
aong the southern and western margins of the basin (Ver-
beek and Grout, 1984b; Grout and Verbeek, 1985). The
available evidence thus suggests that these joints exist only
in and near the Grand Hogback. Joints of the younger set
are similarly restricted: they are abundant only along and
near the Grand Hogback and are sparsely present on the
Divide Creek fold (Grout and Verbeek, 1992); they have
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been found nowhere else. That two prominent joint sets
traceable for more than 130 km along the length of a mono-
cline should die out so dramatically within 25 km away
from it suggests some causative link between all these
structures.

The nature of that link now seems more clear from
new stratigraphic evidence. Eastward thinning of the Pale-
ocene section (R.C. Johnson, USGS, oral commun., 1991),
in response to broad warping along the trace of the future
Grand Hogback, likely records the earliest stages of
Laramide reactivation of the underlying basement fault
zone. Along the northern end of the monaocline, for exam-
ple, the combined Fort Union and Wasatch Formations thin
eastward from about 1,550 m to 1,060 m over a lateral
distance of only 5.5 km as the monocline is approached
(Izett and others, 1985). These early, premonocline move-
ments probably record the initial stages of Laramide
compression along the eastern margin of the basin (Grout
and Verbeek, 1992). The oldest of the two prominent joint
sets along the Grand Hogback (fig. 17) probably resulted
from this compression; if so, the early compressive move-
ments were directed west-northwest to west, parallel to the
strike of the older joints, and only later were directed more
southwesterly.

Joints of the younger set (fig. 18), unlike the older
joints, are present only in structuraly elevated areas. they
are found along the monocline itself, and on the Divide
Creek anticline, but not at depth beneath the MWX site.
This distribution suggests that they developed upon uplift
as a set of stressrelease joints nearly at right angles to
those of the earlier set; their consistent orientation perpen-
dicular to bedding shows that bed dips at the time were still
quite low. In our interpretation (Grout and Verbeek, 1992),
they formed during the early (late Paleocene—early Eocene)
stages of fold growth, as strata along the trace of the na
scent monocline were being warped upward over the ad-
vancing thrust wedge at depth, and as splay faults had just
started to develop beneath the Divide Creek anticline.

LOCAL FRACTURE SETSON DIVIDE CREEK
ANTICLINE

The Divide Creek anticline near the eastern margin of
the Piceance Basin (fig. 14) is a northwest-trending intraba-
sin fold approximately 35 km long and 15 km wide; limb
dips at the surface are 15° or less (Grout and others, 1991).
Two local fracture sets on this anticline are basement-
related, but only in the indirect sense that they formed near
the leading edge of a thrust system that involved basement
rocks farther east. The joints of both sets strike N. 28°-55°
W., about parallél to the axial trace of the fold (fig. 19), and
dip in opposite directions to intersect bedding at angles of
60°—70°, thereby dividing the beds into rhomboidal blocks.
Joints of the two sets are unequal in size: on both fold limbs

the largest fractures generaly dip toward the axia trace of
the fold and the smallest dip away, implying that the anti-
cline had aready started to form when jointing occurred so
that structural position on the fold determined which set
would grow to larger size. Moreover, the set dipping toward
the fold axis has the shallower dip, by amounts of 2°-11°,
suggesting that folding continued after jointing so that joints
inclined toward the fold axis were rotated to shallower dips
and their counterparts to steeper ones. Joint development
during growth of the Divide Creek anticline thus best
explains the observed geometry (Grout and Verbeek, 1992).
Abutting relations between coexisting joint sets confirm that
these joints are younger than the N. 10° E.-striking
premonocline joints discussed above, which formed while
bed dips were still nearly horizontal.

LATER REGIONAL FRACTURE SETS

The regional fracture network of the Tertiary surface
rocks in the Piceance Basin consists of five sets of vertical
extension joints collectively termed the Piceance system
(Verbeek and Grout, 1984a; Grout and Verbeek, 1985).
Orientations of joints of the first four sets are shown in fig-
ure 20. Joints of the fifth and youngest set (not shown)
form only a minor component of the fracture network; they
are parallel to the present-day direction of maximum hori-
zontal compressive stress (Bredehoeft and others, 1976;
Zoback and Zoback, 1980; Wong and Humphrey, 1989)
and are present only in near-surface rocks. All five sets are
of regional extent and have been traced throughout the
whole of the Piceance Basin and far beyond, into prebasin
Paleocene and Cretaceous rocks to the south and south-
west. The same five sets are present in the neighboring
Uinta Basin farther west (Verbeek and Grout, 1992, 1993),
across the Douglas Creek arch between the two basins, and
probably within the Paradox Basin of southwestern Colo-
rado and southeastern Utah (Grout and Verbeek, this vol-
ume). The geographic limits of each set remain only
partially defined.

The area dominated by joints of the Piceance system
is at least 25,000 km? and includes much of the northern
Colorado Plateau north of lat 39° N. Within this vast re-
gion the joints of all five sets show broad variationsin rela-
tive abundance, especially among the three oldest sets.
Joints of the F4 set, for example, are the most strongly ex-
pressed joints in scattered parts of the Piceance Basin north
of the Colorado River but are sparse elsewhere; in the Uin-
ta Basin they are uncommon in the eastern part of the basin
but are superbly developed farther west (M.A. Grout and
E.R. Verbeek, unpub. data, 1992). Joints of the F, and F5
sets show comparable geographic variations in prominence,
each being the dominant set in parts of both basins and sub-
ordinate to one of the other sets elsawhere. These ared
changes in prominence among the joint sets of the Piceance
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Mesaverde Group and lowermost Wasatch Formation (Paleocene) along the Grand Hogback monocline.
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Piceance Basin, from Grout and Verbeek (1992).

system are broad and gradual, unlike the abrupt changes
described earlier for the older, thrust-related fracture sets.
We have noted no relation between degree of joint-set
prominence and proximity to any recognized basement-
related structure for any of the five sets.

We emphasize here the young age of the Piceance
system of joints. Within the Piceance Basin, for example,
minor calcite-cemented thrust faults (fig. 21) created during
Laramide compression along the Grand Hogback are cut
through by joints of the F, set. Kink folds within the finely
laminated Green River beds also formed during the Lara-
mide compressive events, and they everywhere predate all
joints present. Farther west, in the Uinta Basin, joints of the
earliest (F;) set of the Piceance system have been traced up-
ward through the Green River and Uinta Formations into the
youngest dated beds (about 32-34 Ma; Bryant and others,
1989) of the Oligocene Duchesne River Formation (M.A.
Grout and E.R. Verbeek, unpub. data, 1994). The abundant

Orientations of two sets of fold-parallel joints on the Divide Creek and Wolf Creek anticlines near the eastern margin of the

evidence for a post-Laramide (Oligocene and younger) age
for all joint sets of the Piceance system explains their lack of
spatial correlation to exposed structures; all five sets were
superimposed on structures already present.

SUMMARY OF SURFACE FRACTURE
NETWORK

Two of the oldest fracture setsin Cretaceous and Pale-
ocene rocks along the eastern margin of the Piceance Basin
are spatialy coincident with the leading edge of a large,
basement-cored crustal block that was thrust westward into
the basin during Laramide time. The principal surface ex-
pression of this crustal boundary is the Grand Hogback
monocline; along and west of this fold the fractures devel-
oped within a sinuous belt at least 135 km long but less than
25 km wide. Farther west, and within a much smaller area,
two additional sets of fractures formed parallel to the axial
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trace of an intrabasin anticline that developed above a series
of imbricate splay faults that sole into a décollement related
to the same thrust system. These two fracture sets are relat-
ed to basement structure only in an indirect sense; both are
located about 15-25 km west of the inferred position of the
thrusted basement block. Though basement structure
exerted a seemingly clear influence over the formation and
distribution of all four fracture sets discussed here, it did so
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Distribution and orientations of four regional sets of post-Laramide jointsin Tertiary rocks of the Piceance Basin, from Grout

through mechanisms much different from those discussed
previously for the Grand Canyon region.

Y ounger sets of fractures, five in al, are present with-
in an area far greater than that occupied by the Piceance
Basin and are dominantly of post-Laramide age. In their
distribution and expression we find no relation to basement
structure and conclude that they were imposed largely on
structures already present.



BASEMENT STRUCTURES AND FRACTURE SYSTEMS, COLORADO PLATEAU 139

Figure21. Small thrust fault in thin coal bed of Wasatch Formation, central Piceance Basin. Geologic pick

for scale.

DISCUSSION

EFFECT OF DEPTH AND GEOLOGIC
HISTORY ON BASEMENT-COVER
FRACTURE RELATIONS

The degree to which basement structure influences
fracture evolution in overlying rocks is related in large part
to nature of the basement fault zones, their history of reacti-
vation, and depth to basement. We comment briefly on the
first topic before turning to the other two.

The gross pattern of known and inferred basement fault
zonesisbroadly similar in all three areasdiscussed in thisre-
port. The northeast basement-fault trend is particularly well
defined and areally extensive, as shown for the Grand Can-
yon region through the work of Shoemaker and others
(1978), Huntoon (1974, 1993), and Sears (1973); for the
Paradox Basin by Case and Joesting (1972), Friedman and
Simpson (1980), and Friedman and others (1994); and for
the Uncompahgre uplift and southern Piceance Basin by
Case (1966) and Johnson (1983). Case and Joesting (1972,
p. 2) believed that it continues “from the Grand Canyon area,
Arizona, through the Rocky Mountains of northern Colorado
and southern Wyoming, and into the High Plains of Wyo-
ming.” The northwest trend is likewise well expressed in all
three areas, as shown infigures 4, 8, and 14 and discussed by
most of the same authors just cited. The relative strength of
thesetrends differsin different parts of the Colorado Plateau,

but both are evident in many areas, as on the Marble Plateau
(fig. 8). A subordinate north trend, locally prominent in the
Grand Canyon region (Shoemaker and others, 1978) and the
Paradox Basin (Case and Joesting, 1972), seems to weaken
farther north but nevertheless finds expression in the north
and south segments of the Grand Hogback monocline and,
probably, the Douglas Creek arch between the Piceance and
Uinta Basins (fig. 14). To afirst approximation, then, we
will assume that observed differences in basement-related
fracture patterns from one area to another are due mostly to
effects other than regional differences in basement fault
pattern.

The major faults and faulted monoclines of the Huala-
pai Indian Reservation, in the western Grand Canyon region,
offer particularly clear (and long recognized) examples of
basement influence on local fracture of overlying sedimen-
tary rocks. Among thethree areas discussed in thisreport, it
is here that the sedimentary veneer is thinnest (625-770 m
over much of the area), the effects of Laramide compression
on monocline development clearest, and Cenozoic reactiva-
tion of basement faults greatest. During the latter event
many of the Laramide monoclines were faulted as the base-
ment faults beneath them werereactivated in anormal sense.
Spacings of 10-20 km between basement-related faults and
faulted monoclines are typical (fig. 4), and several faultsin
the region display normal offsets exceeding 100 m. Farther
east, on the Marble Plateau, faulted monoclines and
basement-related faults are no less abundant (fig. 8), but few
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of the faults show normal offsets exceeding several tens of
meters. Depth to basement in this area is dightly greater
(950-1,200 m) than that on the Hualapai Reservation, but the
greatest influence on structural differences between the two
areas undoubtedly is the rapid eastward decline in basin-
range-related crustal extension. Several previously unrecog-
nized belts of fracturesthat we regard asthe surface manifes-
tation of reactivated basement structures beneath the Marble
Plateau consist largely of faultswith offsetstoo small to mer-
it portrayal on conventional geologic maps.

The Piceance Basin differs markedly from these two
areasin its much greater depth to basement (5,000-7,900 m)
and in its comparative freedom from the effects of basin-
range crustal extension. Both effects contribute to the
general lack of expression of basement-related structures
within the basin interior. The numerous basement-
penetrating faults shown on seismic lines in Waechter and
Johnson (1986) and Grout and others (1991), for example,
show the persistence of the northwest basement-fault trend
into this region but have no expression at the surface in
Tertiary rocks. Similarly, the northeast basement-fault trend,
so well defined both northeast and southwest of the Piceance
Basin, has no known expression among fractures within it;
the only fractures corresponding to that direction are late
crossjoints of the F4 regional set (fig. 20). Basement-related
fractures on this part of the Colorado Plateau areinstead con-
fined almost exclusively to the basin margins, and they are
related to Laramide crustal compression rather than post-
Laramide extension.

FRACTURE NETWORKSAND TECTONIC
HEREDITY

The degree to which ancient structures in Precambrian
crystalline basement rocks have influenced or controlled the
development of fracturesin overlying sedimentary strata has
been long debated. Opinions in the literature have been
widely divergent for decades, and remain so. Nowhere is
this more apparent than in the proceedings volumes for
conferences on “The New Basement Tectonics,” the first of
which was held in 1974 (Nickelsen, 1975; Hodgson and
others, 1976) and the ninth in 1990 (Rickard and others,
1992). The problem is best considered in two parts: local
formation of zoned fracture sets related to specific basement
structures, and regional formation of areally pervasive
fracture sets.

LOCAL FORMATION OF ZONED FRACTURE SETS

Evidence of basement involvement in local fracture
development, typically as belts of fractures in overlying
strata, is uncontested in such places as the Grand Canyon,
where the deep structure of many faults can be studied

directly in outcrop. Multiple episodes of movement, oftenin
opposing senses, can be documented for faults exposed over
thousands of feet in vertical section and traceable in
continuity from Mesozoic and Paleozoic sedimentary rocks
into the crystalline schists below. Huntoon (1974), for
example, presented evidence for seven episodes of move-
ment on the Hurricane fault from the Precambrian to the
Quaternary. Evidence of basement-related fracturing of
cover rocksislikewise strong in some areas where basement
rocks are not exposed but the underlying structure is well
documented through seismic evidence or drilling. Reactiva-
tion of basement structures is expressed at the surface most
often as faults, but sets of extension joints can form during
the same movements; the thrust-related joint sets of the
Piceance Basin (Grout and Verbeek, 1992) are one example,
and the early joint sets of the Redwall Limestone described
by Roller (1987, 1989) may be another. In all cases,
however, it should be recognized that the formation of zoned
fracture sets on the Colorado Plateau is related to reactive
tion of individual, and generally large, basement faults.

REGIONAL FORMATION OF AREALLY PERVASIVE
FRACTURE SETS

The case for basement-related fracturing on a finer
scale is not nearly as convincing, despite the many papers
devoted to the subject. The notion that ancient fracture
networks in basement rocks are reflected in regionally wide-
spread joint sets of the cover rocks found many adherents
from the 1950's through the 1970's, a period which
coincided with widespread use of aerial photographstointer-
pret regional fracture patterns. Satellite images, beginning
with the first ERTS images in the late 1960's and high-
resolution Skylab photographs shortly thereafter, quickly
were put to similar use. A process of continuous fracture
propagation—inheritance of entire fracture networks from
underlying units—was envisioned by many investigators of
this period (Blanchet, 1957; Mollard, 1957; Haman, 1961;
Hodgson, 19614, b; Gol’braikh and others, 1968; Rumsey,
1971; Burford and Dixon, 1977, 1978). Suggested causes of
upward fracture propagation included earthquakes (fracture
induced by transient shock waves), earth tides (fracture due
to low-amplitude cyclic stress, a kind of geologic fatigue
failure), and tectonic compression. The renewal of fracture
networks over time, if true, meant that joint patterns in
surface rocks might reflect nothing of the stress fields that
affected those rocks (Hodgson, 1961b; Gol’braikh and
others, 1968), thereby complicating attempts to decipher
regional paleostress histories. Rumsey (1971) introduced a
further complication by suggesting that additional fracture
sets, unrelated to those already present, could form at any
time and at any stratigraphic level due to tectonic forces; if
so, he maintained, it might be impossible to deduce from
surface evidence in which horizon each fracture set
originated, or which set is genetically related to any other.
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EVIDENCE AGAINST UPWARD
PROPAGATION OF REGIONAL JOINT SETS

SOME COMMON PROBLEMS

Common problems with the concept of fracture inherit-
ance, as listed by Engelder (1982), include (1) the puzzling
selectivity of the process, wherein some basement fracture
sets have apparent counterparts in overlying rocks but others
do not; (2) the existence of additional setsin the cover rocks
with orientations different from those in the jointed base-
ment; and (3) the existence of unjointed strata overlain by
beds that are jointed. Examples of all three types of prob-
lems can be drawn from the areas discussed in this report.
The mechanism of joint inheritance cannot explain, for ex-
ample, why the two oldest joint sets in the Redwall Lime-
stone on the Hualapai Plateau disappear abruptly at the
erosional unconformity that truncates this unit. Nor can it
explain why the two most prominent joint sets in Cretaceous
strata along the Grand Hogback die out upward in Paleocene
strataand are replaced in younger beds by five setsthat have
no counterparts in the older rocks, or why Cretaceous beds
containing abundant joints are interlayered with other beds,
typically weakly cemented sandstones, that remained un-
jointed. More telling evidence, however, comes from the
relative-age relations and mineralization histories of coexist-
ing joint sets. Consistent abutting relations among joint sets
a more than 1,100 localities in and near the Piceance and
Uinta Basins show that all of the joint sets discussed
above—the three sets along the Grand Hogback, the fold-re-
|ated sets on the Divide Creek anticline, and the five regional
sets in the basin rocks—formed in a well-defined sequence,
one set after the other. Moreover, joints of the F, regional
set (fig. 20), to select one prominent example, commonly are
coated with calcite of two and locally three generations,
whereas only a single generation of calcite was deposited in
joints of the later F, set, and joints of the Fg set everywhere
areunmineralized. Thereisno suggestionin any of thesere-
lations of upward propagation of a fracture network from
complexly jointed older beds into younger ones; instead we
see the clear record of discrete fracture events over time,
each one adding another joint set to an evolving and increas-
ingly complex network.

JOINT DEVELOPMENT IN A ROTATIONAL STRESS
FIELD

Theformation of joints during periods of stress-field ro-
tation furnishes additional evidence incompatible with the
hypothesis of upward propagation of regional fracture sets.
Lacustrine strata of the Green River Formation in the Picean-
ce and Uinta Basins provide an unusually clear example of
this effect. Green River marlstone of nearly zero organic
content is a compact, well-cemented rock that, under condi-
tions corresponding to known burial depths of this unit, is

mechanically brittle. With increasing organic content the
marlstones grade into oil shales, the change in lithology
being reflected in a marked increase in ductility of the rock.
The richest oil-shale beds contain more than 40 percent
organic matter by weight (Tisot and Murphy, 1962) and are
some of the most ductile rocks known (Tisot and Sohns,
1971). As these beds experienced layer-parallel stretching
during post-Laramide tectonic extension, the most brittle
beds failed first and increasingly less brittle (more ductil€)
beds failed progressively later. The record of progressive
failure and stress rotation is clear at many localities where
beds of differing organic content are interlayered at the
outcrop scale. Figure 22 shows three examples from widely
separated areas, where median strikes of the F, regional joint
set show amarked counterclockwise shift from bed to bed as
a function of increasing organic content. The oil shales
preserve a complete record of the transition between the F,
and F5 episodes of fracture and show that jointing occurred
in different beds at different times asthe regional stressfield
rotated counterclockwise at least 40°. The closetie between
joint orientation and lithology at the outcrop scale isincom-
patible with any mechanism of fracture propagation upward
from deeper, previously jointed rocks.

TIMING OF JOINT DEVELOPMENT

The concept of continuous upward propagation of frac-
ture networks from jointed basement implies that most rock
units should fracture not long after deposition, as soon as ce-
mentation renders them capable of brittle failure (Hodgson,
1961). Reports of systematic joint sets in geologically
young deposits (Gilbert, 1882; Burford and Dixon, 1977,
1978; see also fig. 13) lend credence to the hypothesis, but
other evidence shows that rock units can, and commonly do,
persist tens of millions of yearsin an unfractured state. We
briefly summarize that evidence here for the three areas
discussed in this report.

Hualapai Plateau.—Lower Permian strata of the Es-
planade Sandstone near the Ridenour mine breccia pipe (fig.
4) are cut by five well-developed sets of subvertical exten-
sionjoints (Verbeek and others, 1988). The pipeiswell ex-
posed at the surface, in a tributary gorge to the Grand
Canyon, and also underground, in historic mine workings
for the extraction of copper, uranium, and vanadium ores.
Most of the ore minerals were precipitated within an annular
zone of outward-dipping ring fractures that formed during
the stoping process. Verbeek and others (1988) presented
eight independent lines of evidence showing that the pipe
stoped upward through the Esplanade Sandstone and was
mineralized before the first set of regional joints had formed
inthe host rocks. Theseincludethe observationsthat al five
joint sets are present in the cemented pipe breccia, that un-
mineralized joints terminate against mineralized ring frac-
tures, and that solution pockets are common along the ring
fractures but do not occur aong the joints, whose surfaces
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preservefine details of their origina morphology. If primary
mineralization of the Ridenour pipe occurred at 200220 Ma
(Triassic), as suggested by U-Pb age determinations on other
pipes nearby (Ludwig and Simmons, 1992), then at least 60
m.y. elapsed between deposition of the Esplanade Sandstone
in Permian time and the development of the first joint set
within that unit. Joints of similar orientation in overlying
strata, including Tertiary basalts and conglomerates, suggest
further that most or al of the fracture sets may be younger
than 18 Ma (Roaller, 1989) and thus that the Esplanade Sand-
stone may have lain unfractured for fully 250 m.y. or more.

Southern Marble Plateau.—One of the strongest pieces
of evidence for long-delayed jointing in this area was
mentioned previoudly: that joints of the oldest set in lower
Triassic strata are nearly vertical on both the horizontal and
tilted limbs of the Laramide Black Point monocline (fig. 12).
We note aso that remnant channels of a dendritic drainage
system incised into the Permian Kaibab Limestone on the
Marble Plateau, and especialy on the adjacent Coconino
Plateau to the west, show no obvious evidence from aeria
photographs as having developed in jointed rock. Thedrain-
age system is of probable Miocene age (G.H. Billingsey,
USGS, oral commun., 1989). Though little work has been
done on the joint network of this large region, the available
evidence suggests that most or al joint setsin the uppermost
Paleozoic and younger rocks are of post-Laramide age. The
joint set shown in figure 12, for example, is the oldest one
present in the unit pictured but is at least 150 m.y. younger
than the rocks that contain it.

Piceance Basin—Upper Cretaceous beds of the
Mesaverde Group and underlying Mancos Shale aong the
south and southwest margins of the Piceance Basin are cut by
five sets of joints that have been traced in stratigraphic and
areal continuity into late Eocene beds of the basin interior
and into Oligocene beds of the Uinta Basin farther west. No
older joint sets are present in the southern Piceance Basin,
even in rock types normally considered especially suscepti-
ble to early fracture; coal beds in the lower part of the Me-
saverde Group, for example, contain the same joint sets as
thosein associated and overlying clastic rocks (Grout, 1991).
Strata of the lower Mesaverde Group were deposited 75-73
Ma and the Mancos Shale somewhat earlier, but the joints
within these beds are younger than 32-34 Ma (Bryant and
others, 1989), the age of the youngest dated beds within
which we have documented them (M.A. Grout and E.R. Ver-
beek, unpub. data, 1994). The evidencethus pointsto at least
a40-m.y. hiatus between deposition of the Late Cretaceous
beds and the development of the first joint set within them.
Earlier fracture of the Mesaverde Group occurred only with-
in a narrow (<25 km wide) belt of rock along and near the
thrust front that marks the eastern edge of the basin (Grout
and Verbeek, 1992).

Summary.—The evidence in al three areas for discrete
episodes of regional jointing, preceded by geologically long
periods during which no jointing occurred, is incompatible

with basement control of surface-fracture networks as
commonly envisioned. We conclude that if the basement
rocks in any way influenced the development of regional
joint setsin overlying sedimentary strata, they did not do so
through any mechanism of continuous upward propagation
of fracture sets.

GEOLOGIC SIGNIFICANCE OF REGIONAL
JOINT SETSON THE COLORADO PLATEAU

In al three areas studied on the Colorado Plateau, the
existence of sedimentary units that remained unjointed for
40-250 m.y. after deposition suggests that conditions favor-
ablefor extension fracture did not exist for geologically long
periods of time. The history of post-Redwall strata in the
Grand Canyon region, following the latest Mississippian pe-
riod of uplift, incision, and jointing, furnishesthe clearest ex-
ample. Preserved thicknesses of post-Redwall, Paleozoic
and Mesozoic stratain thisregion, from the base of the Supai
Group to the highest preserved remnants of the Chinle For-
mation, range from about 2,300 m on the Hual apai Plateau to
2,700 m on the Marble Plateau (fig. 2). As noted above, at
least some of these rock units remained unjointed until the
Tertiary Period. The inferred sequence of deformation,
based on field relations in the Little Colorado River valley
(E-R. Verbeek and M.A. Grout, unpub. data, 1986), is (1)
formation of monoclines and attendant local thrust faults
during Laramide crustal compression, (2) formation of mul-
tiple sets of vertical, dominantly post-Laramide extension
joints, and (3) local reactivation of joints to form numerous
minor normal faults with vertical walls during post-Lara-
mide crustal extension. Evidence that regional jointing of
the rocks occurred after the Laramide compressive events
suggests that burial depths during monoclina folding were
still too great, and fluid pressurestoo low, for extension frac-
turesto form. Thisinterpretation in turnimpliesthat erosion
had not yet appreciably reduced lithostatic load. Moreover,
much of the post-Redwall succession consists of sandstones
and carbonate rocks poor in organic material. Had more or-
ganic material been present, its maturation might have pro-
duced sufficient fluid pressure to promote extensilefailure at
considerable depth. The paucity of organic matter, however,
meant that jointing of these rockswas not possible until their
return to conditions of low confining pressure as overlying
strata were stripped by erosion. Maximum burial depths of
these rocks remain poorly constrained because whatever
younger deposits that may once have existed above them are
not preserved, but removal of about 2.7-4.5 km of overbur-
den seems assured (Dumitru and others, 1994).

A characteristic common to al three areas discussed
here, and perhaps to most of the Colorado Plateau, is the
abundance of geologically young fracture sets, many of them
post-Laramidein age. The Tertiary Period in all three areas
was a time of strong regional uplift and tectonic extension,
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both of which created conditions conducive to repeated
extensilefailure of the upper crust. Regional uplift promotes
jointing by extensile failure in at least three ways:

1. Removal of overburden through erosion. Reduction
inthevertical component of stress (lithostatic load) resultsin
a corresponding decrease in horizontal stress by an amount
proportional to the elastic properties of therock (Price, 1966;
Engelder, 1982).

2. Cooling and consequent lateral contraction of the
rock, which further relieves horizontal stresses (Voight and
St. Pierre, 1974; Haxby and Turcotte, 1976).

3. Layer-parallel extension resulting from the increas-
ing radius of curvature of strata being uplifted (Price, 1966,
1974; Haxby and Turcotte, 1976).

In addition, active tectonic extension can further greatly
increase the potential for jointing through progressive de-
crease in the regional component of horizontal stressin the
direction of extension. Given these considerations, the evi-
dence for repeated Tertiary jointing on the Hualapai Plateau
asreported by Roller (1987, 1989) isnot at all surprising; the
region has been uplifted 3-5 km since the end of the Creta-
ceous Period (Wenrich and others, 1995b) and has been
mildly extended during basin-range tectonism from Miocene
time onwards (Dickinson, 1981). Similarly, on the Marble
Plateau, Cenozoic erosion has stripped most post-Paleozoic
strata from the area to leave only erosional remnants of Tri-
assic rocks atop a vast, nearly bare surface of Permian lime-
stone, and the area contains numerous minor normal faults
that resulted from late Tertiary, nearly east-west extension.
On the northeastern part of the Colorado Plateau, the estimat-
ed uplift of the Piceance Basin since deposition of the Uinta
Formation in late Eocene time is about 2.8 km (Lorenz,
1985). Mild but prolonged, post-Laramide northeast-south-
west tectonic extension of much of the northeastern Colo-
rado Plateau is reflected in aregional set of joints (F,) and
minor normal faultswithin an areafar larger than the Picean-
ce Basin itself; to date we have mapped them over an area of
more than 80,000 km? (Verbeek and Grout, 1992; Grout and
Verbeek, thisvolume, p. 163). Inall three areasdiscussed in
this report, post-L aramide tectonic extension and decreasing
burial depths resulted in a complex record of repeated epi-
sodes of jointing during the Tertiary. In all three areas, too,
the resultant joint sets are present throughout an appreciable
thickness of rocks of diverse geologic age, thereby creating
a false appearance of upward propagation of fracture net-
works.

CONCLUSIONS

Fracture networks in Paleozoic and younger sedimen-
tary rocks in al three areas studied include some elements
related to movements along major basement faults.
Common properties of these basement-related fractures are
their local, rather than regional, extent and their occurrence

in zones more-or-less directly above known basement
structures. Offset of basement fault blocks during episodic
reactivation of the basement structures, either in compres-
sion or extension, was expressed in the cover rocks by
zones of shear failure (minor faults) in some areas and by
zones of extensile failure in others, depending principally
upon lithostatic load (depth of fracture) and fluid pressure
at the time of fracture. Examples include the local thrust
faults associated with monoclinal folding during Laramide
compression in the Grand Canyon region, the elongate
belts of minor faults due to vertical offsets along basement
faults during post-Laramide extension of the same region,
and the <25 km-wide zone of extension joints resulting
from Laramide compression near the leading edge of a
basement-involved thrust zone in the Piceance Basin.
Fracture orientations in such basement-involved zones may
be unreliable indicators of regional stress fields because of
local perturbations of the stress field in the vicinity of the
basement structures. All known and suspected basement-
related fracture zones so far investigated by us have result-
ed from discrete episodes of movement; we have found no
evidence for continuous upward propagation of basement
fracture zones through any mechanism.

Joint sets of regional, rather than local, extent are com-
mon elements of Colorado Plateau geology and within vast
areas are the dominant components of the overall fracture
network. Numerous properties of the regional joint sets, in-
cluding their orientations, stratigraphic range, spatial distri-
bution, mineralization history, and consistent sequence of
formation, are incompatible with upward propagation of
fracture sets from deeper rocks. Each set isinstead the pre-
served record of a discrete episode of failure that affected
broad areas of thousands to tens of thousands of square kilo-
meters; the joint sets reflect no direct influence of basement
structures. Orientations of these joints reflect regional stress
trajectoriesat thetime of fracture and provide auseful means
of reconstructing the paleostress history of the rocks in
which they occur.

We conclude that the influence of basement rocks on
fracture devel opment in overlying sedimentary rocks on the
Colorado Plateau is more limited than commonly envi-
sioned. Individual basement structures, when reactivated,
have influenced fracturing in overlying rocks and resulted in
localized failure within discrete belts of rock, but nowhere
during the course of our work have we found evidence for
the upward propagation of entire joint networks.

UNRESOLVED STRUCTURAL
PROBLEMS

An obvious limitation of any interpretive study such as
this one is the fragmentary nature of the data on which it is
based. In the literature for the Grand Canyon region, for
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example, is an astonishing dearth of actual data and specific
field observations on how the regiona joint network as we
seeit today evolved through time. Some of the papers cited
here signal a good beginning upon which to build, but
nowhere is there a comprehensive account of the geometry,
let alone the genesis, of the joint network of this classic
region. Conversely, basic elements of the basement
structure are fairly well known through field study of
exposed Precambrian rocks in the Grand Canyon and
through geophysical studies on the flanking plateaus.
Tracing of exposed basement fault zones upward through the
sedimentary section long ago established the critical link be-
tween these deep structures and their surface expression in
rocks hundreds of meters above, enabling geologiststo trace
the lateral extensions of some basement faults for scores of
kilometers from the nearest exposure of Precambrian rock.

The state of knowledge on basement structure and frac-
ture evolution in the northeastern part of the Colorado Pla-
teau, in western Colorado and eastern Utah, is nearly the
opposite. Only recently have studies clarified the true nature
of the basement fault zone beneath the Grand Hogback mon-
ocline, the great fold that defines the boundary between this
part of the Colorado Plateau and the adjacent Rocky Moun-
tains. Knowledge of basement structure deep beneath the
sedimentary basins to the west remains sketchy at best. The
deepest boreholes in the Piceance Basin penetrate only into
Pennsylvanian sedimentary rocks, and over large areas the
basement remains hidden beneath more than 5,000 m of sed-
imentary rock. The fracture history of Paleozoic rocksin the
region likewise remains almost wholly unknown, in part be-
cause these rocks crop out over such a small proportion of
the total area. The joint network in Upper Cretaceous and
younger rocks, in contrast, has been documented at more
than 1,100 localities throughout an area of more than 25,000
kmz, and its evolution is now known in considerable detail.

The mechanisms by which reactivation of basement
structures resulted in diverse types of fracturesin overlying
sedimentary rocksremain imperfectly understoodin all three
areasdiscussed here. Inthe Grand Canyon region, for exam-
ple, how has strain been partitioned in cover rocks above a
growing step in the basement? What governstherelation be-
tween displacement at basement level and width of an in-
duced fracture zone at various levels above? In the Piceance
Basin, the two sets of inclined joints on the Divide Creek an-
ticline are especially intriguing in that no close analog to
them seems to exist among popular models of fold-related
fracturing (Hancock, 1985). Modeling of stress orientations
during fold growth probably will be required to understand
their genesis.

The basement-cover relations discussed here thus
remain incompletely understood, but for different reasonsin
different regions. Geophysical study of deep basement
structure, still an evolving art, is likewise an expensive one;
and the study of fracture evolution in sedimentary cover
rocks at the surface, if done properly, istedious at best. till,

enough seems known to support the basic tenets of this
paper: that individual basement fault zones, when
reactivated, have resulted in loca and in some cases
repeated fracture of the cover rocks; that regiona joint
systems reflect the stress conditions under which they
formed and did not propagate upward from preexisting base-
ment networks; and that much of the exposed joint network
asit existstoday on the Colorado Plateau is a comparatively
young element of that region’s complex geologic history.
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